The electron affinity of GaN and Ga 2 N as well as the geometries and the dissociation energies of the ground states of gallium nitrides GaN, GaN − , Ga 2 N, and Ga 2 N − were systematically studied by employing the coupled cluster method, RCCSD͑T͒, in conjunction with a series of basis sets, ͑aug-͒cc-pVxZ͑-PP͒, x = D, T, Q, and 5 and cc-pwCVxZ͑-PP͒, x = D, T, and Q. The calculated dissociation energy and the electron affinity of GaN are 2.12 and 1.84 eV, respectively, and those of Ga 2 N are 6.31 and 2.53 eV. The last value is in excellent agreement with a recent experimental value for the electron affinity of Ga 2 N of 2.506Ϯ 0.008 eV. For such quality in the results to be achieved, the Ga 3d electrons had to be included in the correlation space. Moreover, when a basis set is used, which has not been developed for the number of the electrons which are correlated in a calculation, the quantities calculated need to be corrected for the basis set superposition error.
I. INTRODUCTION
Among semiconductor materials, gallium nitride ͑GaN͒ has received considerable attention lately because of its current and possible future applications. In an attempt to understand the fundamental properties of solid, several papers have concentrated on the properties of small fragments such as dimers ͑GaN͒, 1-4 trimers ͓GaN 2 ͑Refs. 2 and 5-7͒ and Ga 2 N ͑Refs. 5 and 8͔͒, etc., either neutral or charged, both experimentally and theoretically. Recently, Sheehan et al. 8 looked at the electron affinity ͑EA͒ of the linear GaNGa molecule. Using photoelectron spectroscopy, they determined an experimental value of 2.506Ϯ 0.008 eV. Previous theoretical studies found the EA ranging from 1.52 ͓complete active space self-consistent field ͑CASSCF͔͒ 5 to 2.36 eV ͑B3LYP/aug-cc-pVDZ͒. 8 For GaN, there is only a theoretically estimated EA of 1.44Ϯ 0.5 eV by Denis and Balasubramanian. 4 Since these theoretical values have a large error bar and the accurate calculation of the EA is a challenge, we tried to perform a systematic study on the ground states of gallium nitrides GaN, GaN − , Ga 2 N, and Ga 2 N − in order to determine an exact value for the EAs as well as for the geometries and the dissociation energies employing the coupled cluster method, RCCSD͑T͒, in conjunction with a series of basis sets. Moreover, aiming at an accurate determination of the above quantities, the basis set superposition error ͑BSSE͒ must be taken into account. In the literature, the correction of the BSSE has been studied for various diatomic, triatomic, or polyatomic systems. 9 Furthermore, the effect of the BSSE correction of the potential energy curves surfaces has also been studied for some systems, for example, for some hydrogen-bonded dimers 10 or for the GaN 2 + cation. 6 
II. METHODOLOGY
For N atom, the correlation consistent basis sets of Dunning 11 cc-pVxZ and aug-cc-pVxZ, x = D, T, Q, and 5 were used; the basis sets range in size from ͑9s4p1d͒ → ͓3s2p1d͔ to ͑15s9p5d4f3g2h͒ → ͓7s6p5d4f3g2h͔. For Ga atom, Peterson's 12 correlation consistent-like basis sets were chosen, which employ accurate small-core ͑1s 2 2s 2 2p 6 , i.e., ten electrons͒ relativistic pseudopotentials, i.e., cc-pVxZ-PP͑vxz͒, aug-cc-pVxZ-PP͑avxz͒, x =D, T, Q, and 5. These basis sets treat the 3s 2 3p 6 3d 10 4s 2 4p 1 electrons in the ab initio calculation, were developed only for 4s4p correlation, and range in size from ͑8s7p7d͒ → ͓4s3p2d͔ to ͑17s14p14d4f3g2h͒ → ͓8s7p6d4f3g2h͔. Additional calculations were performed with Peterson's 13 correlation consistent-like weighted core basis sets, which employ also accurate small-core ͑1s 2 2s 2 2p 6 ͒ relativistic pseudopotentials, i.e., cc-pwCVxZ-PP͑wcvxz͒, x = D, T, and Q. The latter treat the 3s 2 3p 6 3d 10 4s 2 4p 1 electrons in the ab initio calculation, were developed for 3d4s4p correlation, and range in size from ͑9s8p8d1f͒ → ͓5s4p3d1f͔ to ͑17s14p15d5f3g1h͒ → ͓8s7p7d5f3g1h͔.
In all RCCSD͑T͒ calculations, the 2s 2 2p 3 electrons of the N atom and the 4s 2 4p 1 or the 3d 10 4s 2 2p 1 electrons of the Ga atom were correlated. Moreover, using the counterpoise procedure, the BSSE ͑Refs. 14 and 10͒ was taken into account, even though these are strongly bound systems where BSSE is often thought to be insignificant. Both the geoma͒ etries and the dissociation energies were BSSE corrected, i.e., geometric optimization with respect to the BSSE corrected energy.
In order to evaluate our RCCSD͑T͒, which is a singlereference method, we checked the single ͑t 1 ͒ and the double ͑t 2 ͒ amplitudes and the T 1 diagnostic because large amplitudes 15 and the T 1 diagnostic 16 can usually be thought as an indicator of a multireference system. In all calculations, the t 1 and t 2 amplitudes were very small. In most cases, they were less than 0.05. Only in a few calculations on Ga 2 N, t 1 was about 0.1 and in a few calculations on GaN and GaN − , t 1 was about 0.2. Moreover, the T 1 diagnostic is about 0.02 or less in most calculations with the exception of the calculations of Ga 2 N using the ͑aug͒-cc-pVnZ͑-PP͒ basis sets and correlating the 4s 2 4p 1 electrons of Ga ͑Table I͒ where T 1 is about 0.04. Furthermore, the T 1 of the calculations of the GaN − anion are about 0.07 using the ͑aug͒-cc-pVnZ͑-PP͒ basis sets correlating the 4s 2 4p 1 electrons of Ga ͑Table I͒ and about 0.05 using the ͑aug͒-cc-p͑wC͒VnZ͑-PP͒ basis sets correlating the 3d 10 4s 2 4p 1 electrons of Ga ͑Table II͒. Complete basis set ͑CBS͒ limit values were estimated using the formula 17 y = y CBS + Be −Cx , where x is the cardinal basis set number ͑x =2, 3, 4, and 5͒ and B and C are fitting constants.
All calculations were carried out with the MOLPRO suite of codes.
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III. RESULTS AND DISCUSSION
The ground states of the Ga 2 N͑X 2 ⌺ u + ͒, Ga 2 N − ͑X 1 ⌺ g + ͒, GaN͑X 3 ͚ − ͒, and GaN − ͑X 2 ͚ + ͒ species were optimized for three kinds of basis sets, cc-pVxZ N / cc-pVxZ-PP Ga , x =2-5 ͑vxz͒, aug-cc-pVxZ N / aug-cc-pVxZ-PP Ga , x =2-5 ͑avxz͒, and cc-pVxZ N / cc-pwCVxZ-PP Ga , x =2-4 ͑wcvxz͒ correlating the ͑2s 2 2p 3 ͒ N and ͑4s 2 4p 1 ͒ Ga electrons ͓small valence space ͑s calculations͔͒ or correlating the ͑2s 2 2p 3 ͒ N and ͑3d 10 4s 2 4p 1 ͒ Ga electrons ͓large valence space ͑l calculations͔͒. The Ga-N bond length R, the dissociation energy D e , and the adiabatic electron affinity EA of the ground states of the four molecules of the s calculations are given in Table I and those of the l calculations are given in Table II. The CBS limit of all calculated values for each kind of basis set is also given. Additionally, the BSSE corrected quantities are also computed. The adiabatic EA BSSE is the difference of the minima ͑at R BSSE ͒ of the BSSE corrected absolute energy of anion and molecule. The R, D e , and EA with respect to the basis set size of the Ga 2 N and GaN molecules are plotted in Figs. 1-6 .
Geometries. Our best value for the Ga 2 N molecule is 1.767 Å ͓CBS limit of both wcvxz គ l and wcvxz គ l͑BSSE͒ calculations͔ ͑see Table II͒. In Fig. 1 and Table II , it is shown clearly that the R values of vxz គ l and avxz គ l, where the number of correlated electrons is higher than that for which the basis set is developed, do not converge. Moreover, the R values for x = 4 and 5 are shorter than our best result of 1.767 Å and in the augmented basis set are shorter by 0.01 Å. However, the BSSE corrected R values, R BSSE , of the l calculations of both vxz and avxz converge very well to the same CBS limit, which is only 0.003 Å longer than R = 1.767 Å. This shows that the inclusion of the BSSE correction is necessary when the basis set is not developed for the number of correlated electrons.
Furthermore, the R and the R BSSE values for both vxz គ s and avxz គ s calculations, where the basis sets are developed and used for 4s4p correlation only ͑which is what s calculations do͒, converge to the same CBS limit which is elongated by 0.06 Å compared to our best R value ͑see Tables I and II͒ . This fact shows clearly that the inclusion of the correlation of the 3d electrons is necessary. Note that the differences between the R and R BSSE values for vxz គ s, avxz គ s, and wcvxz គ l calculations are one order of magnitude smaller compared to those for vxz គ l and avxz គ l. This shows that the BSSE becomes large when the basis set is not appropriate for the number of the correlating electrons but is not affected by the size of that number.
Wang and Balasubramanian 5 present R values of 1.725 ͑MP2͒, 1.736 ͑CCD͒, 1.767 ͑CASSCF͒, and 1.778 Å ͑B3LYP͒ using a medium core relativistic effective core potential ͑RECP͒ for Ga and N, a double zeta quality basis set for the 3d4s4p electrons of Ga and 2s2p electrons of N and keeping the 3d electrons inactive. Sheehan et al. 8 give R = 1.784 Å ͑B3LYP/aug-cc-pVDZ͒. Our best value for the Ga 2 N molecule is 1.767 Å ͓CBS limit of both wcvxz គ l and wcvxz គ l͑BSSE͒ calculations͔.
For the Ga 2 N − anion, our best CBS limit for the R value is 1.781 Å, 0.014 Å larger than the corresponding value of the neutral molecule. There is a slight difference in the CBS limit of the R and R BSSE values in the wcvxz គ l calculations which could be less if the corresponding quintuple zeta basis set were available. Previous studies 5, 8 gave R ranging from 1.749 ͑CCD͒ 5 to 1.797 Å ͑B3LYP͒. 8 Tables I and II show clearly that, as in the case of the neutral Ga 2 N, the inclusion of the 3d electrons in the correlation is necessary, otherwise, there is an overestimation of the R distance by 0.06 Å. Moreover, they show that when the basis sets are used for more correlated electrons than the number of electrons for which they have been developed, an underestimation of the R distance in large basis sets ͑x = 4 and 5͒ by 0.01 Å occurs and the curves with respect to the basis set size do not converge. However, the BSSE correction improves these R values and the resulting CBS limit is only overestimated by 0.003 Å.
For the GaN and GaN − species, our best results of the R distances are the CBS limits of the wcvxz គ l͑BSSE͒ calculations, cf., 1.985 and 1.748 Å, respectively ͑see Table II The part of the basis set in parentheses corresponds to Ga, i.e., cc-pVDZ͑-PP͒ means cc-pVDZ-PP Ga / cc-pVDZ N ; cc-p͑wC͒VQZ͑-PP͒ means cc-pwCVQZ-PP Ga / cc-pVQZ N . = 6 .47 eV close enough to our best CBS limit of 6.31 eV.
For the GaN and GaN − species, our best CBS limits of the D e values are 2.12 and 3.67 eV, respectively ͑see Table  II͒ 2 ⌺ u + ͒ with respect to basis set size x, x =2͑double͒, 3͑triple͒, 4͑quadruple͒, 5͑quintuple͒ for three types of basis sets, i.e., cc-pVxZ-PP Ga / cc-pVxZ N ͑vxz͒, aug-cc-pVxZ-PP Ga / aug-cc-pVxZ N ͑avxz͒, and cc-pwCVxZ-PP Ga / cc-pVxZ N ͑wcvxz͒ correlating 11 electrons ͑s͒ or 31 electrons ͑l͒, without or with BSSE corrections ͑BSSE͒.
FIG. 2. RCCSD͑T͒ bond distance R͑Ga-N͒ of GaN ͑X
3 ͚ − ͒ with respect to basis set size x, for three types of basis sets, i.e., cc-pVxZ-PP Ga / cc-pVxZ N ͑vxz͒, aug-cc-pVxZ-PP Ga / aug-cc-pVxZ N ͑avxz͒, and cc-pwCVxZ-PP Ga / cc-pVxZ N ͑wcvxz͒ correlating 8 electrons ͑s͒ or 18 electrons ͑l͒, without or with BSSE corrections ͑BSSE͒.
FIG.
3. RCCSD͑T͒ dissociation energy with respect to the atomic products, D e1 of Ga 2 N ͑X 2 ⌺ u + ͒ vs basis set size x, for three types of basis sets, i.e., cc-pVxZ-PP Ga / cc-pVxZ N ͑vxz͒, aug-cc-pVxZ-PP Ga / aug-cc-pVxZ N ͑avxz͒, and cc-pwCVxZ-PP Ga / cc-pVxZ N ͑wcvxz͒ correlating 11 electrons ͑s͒ or 31 electrons ͑l͒, without or with BSSE corrections ͑BSSE͒.
FIG. 4. RCCSD͑T͒ dissociation energy D e of GaN ͑X
3 ͚ − ͒ with respect to basis set size x, for three types of basis sets, i.e., cc-pVxZ-PP Ga / cc-pVxZ N ͑vxz͒, aug-cc-pVxZ-PP Ga / aug-cc-pVxZ N ͑avxz͒, and cc-pwCVxZ-PP Ga / cc-pVxZ N ͑wcvxz͒ correlating 8 electrons ͑s͒ or 18 electrons ͑l͒, without or with BSSE corrections ͑BSSE͒. using a medium core RECP for Ga and N, a double zeta quality basis set for the 3d4s4p electrons of Ga and 2s2p electrons of N and they kept the 3d electrons inactive. Their EAs were 1.99, 1.96, 1.80, 1.52, and 1.72͑1.68͒ eV, respectively. Sheehan et al. 8 did a density functional theory calculation and found an EA of 2.36 eV at the B3LYP/aug-ccpVDZ level close enough to their experimental value of 2.506Ϯ 0.008 eV ͑Ref. 8͒ and to our theoretical value of 2.53 eV ͑see below͒.
The EA of the Ga 2 N molecule is given in Tables I and II and it is depicted in Fig. 5 . Our best CBS limit is that of the wcvxz គ l͑BSSE͒ calculations, 2.53 eV, which is in very good agreement with the experimental value of Sheehan et al., 8 2.506Ϯ 0.008 eV ͑photoelectron spectroscopy͒. It is interesting that all eight types of calculations converged to similar CBS limits ranging from 2.51 to 2.56 eV. In the case of the vxz គ l and avxz គ l calculations, the results are good because both Ga 2 N and Ga 2 N − species present the same BSSE, resulting in the elimination of the errors. It seems that the inclusion of the 3d electrons correlation is unnecessary, but this is not known a priori.
For GaN, previous work of Denis and Balasubramanian 4 gave an estimated EA of 1.44Ϯ 0.5 eV with a large error bar. Our best result of the EA is 1.84 eV. This number corresponds to the CBS limit of the wcvxz គ l͑BSSE͒, wcvxz គ l, vxz គ l͑BSSE͒, and avxz គ l͑BSSE͒ calculations ͑see Table II and Fig. 6͒ . The vxz គ l and avxz គ l calculations converge to CBS values only because the BSSEs of the calculations on the GaN and GaN − species are almost counterbalanced. However, they are enlarged by 0.05 eV, while the CBS limits of both vxz គ s and avxz គ s calculations are smaller by 0.2 eV.
IV. CONCLUSIONS
Since previous theoretical EA values of Ga 2 N and GaN cover a wide range and the accurate calculation of the EA is a challenge, we carried out RCCSD͑T͒ calculations on both neutral GaNGa and GaN as well as their negative ions, employing a series of basis sets ͑from double to quintuple zeta quality͒ augmented or not, weighted core or not, correlating the ͑2s 2 2p 3 ͒ N + ͑4s 2 4p 1 ͒ Ga or ͑2s 2 2p 3 ͒ N + ͑3d 10 4s 2 4p 1 ͒ Ga electrons, and taking into account the BSSE corrections or not. Our conclusions are summarized as follows:
͑1͒ ͑a͒ For the Ga 2 N͑X 2 ⌺ u + ͒ molecule, our final values for the bond distances, the dissociation energies with respect to the atomic products ͑D e1 ͒ and to GaN + Ga ͑D e2 ͒, and the EA are R Ga-N = 1.767 Å, D e1 = 6.31 eV, D e2 = 4.21 eV, and EA= 2.53 eV. The last value is in excellent agreement with the experimental value of 2.506Ϯ 0.008 eV. 8 ͑b͒ For the Ga 2 N − ͑X 1 ⌺ g + ͒ anion, the corresponding values are R Ga-N = 1.781 Å, D e1 = 8.57 eV ͑with respect to Ga+ Ga − +N͒, and D e2 = 4.92 eV ͑with respect to GaN − +Ga͒. ͑c͒ For the diatomic species, our final results are R Ga-N = 1.985 Å, D e = 2.12 eV, and EA= 1.84 eV for GaN͑X 3 ⌺ − ͒, and R Ga-N = 1.748 Å and D e = 3.67 eV for GaN − ͑X 2 ⌺ + ͒. ͑2͒ The inclusion of the 3d electron correlation is necessary. There are significant differences in the calculated R and D e values in all systems investigated and in the EA of GaN, between the results obtained when the 3d electrons are correlated and those without the 3d electrons correlated. In the case of the EA of Ga 2 N, the correlation of 3d electrons seems unnecessary only because of cancellation of errors. ͑3͒ It is necessary to use a basis set developed for correlating the 3d electrons. The use of basis sets, irrespective of size, developed for fewer correlated electrons results in overestimation or underestimation of calculated quantities which do not converge as a function of basis set quality. 20 BSSEs are then large, as observed in the present study, yet, in strongly bound systems such corrections are customarily ignored. This study shows that BSSE corrections in these cases do yield the correct values. FIG. 5 . RCCSD͑T͒ electron affinity EA of Ga 2 N with respect to basis set size x, for three types of basis sets, i.e., cc-pVxZ-PP Ga / cc-pVxZ N ͑vxz͒, aug-cc-pVxZ-PP Ga / aug-cc-pVxZ N ͑avxz͒, and cc-pwCVxZ-PP Ga / cc-pVxZ N ͑wcvxz͒ correlating 11 electrons ͑s͒ or 31 electrons ͑l͒, without or with BSSE corrections ͑BSSE͒.
FIG. 6. RCCSD͑T͒ electron affinity EA of GaN with respect to basis set size x, for three types of basis sets, i.e., cc-pVxZ-PP Ga / cc-pVxZ N ͑vxz͒, aug-cc-pVxZ-PP Ga / aug-cc-pVxZ N ͑avxz͒, and cc-pwCVxZ-PP Ga / cc-pVxZ N ͑wcvxz͒ correlating 8 electrons ͑s͒ or 18 electrons ͑l͒, without or with BSSE corrections ͑BSSE͒.
